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Reversal of Halophilicity in a Protein-DNA
Interaction by Limited Mutation Strategy
of water (i.e., B  0) [1]. In considering the values of A
and B in an ideal case, an ion (or water molecule) would
occupy a tight binding site on the isolated protein (or
Simon Bergqvist, Mark A. Williams,
Ronan O’Brien, and John E. Ladbury1
Department of Biochemistry and Molecular
Biology DNA) 100% of the time and become completely disasso-
ciated (or bound) upon formation of the protein-DNAUniversity College London
Gower Street complex; however, several ions (or water molecules)
that partially occupy protein (or DNA) binding sites canLondon WC1E 6BT
United Kingdom be thermodynamically equivalent to one such ideal case.
The affinities of the interactions of DNA and proteins
from mesophilic organisms have been shown to become
progressively weaker as the salt concentration is in-Summary
creased [1]. This effect prevails in the general transcrip-
tion factor from eukaryotes and archaea [2], the TATAComparison of the genes of functionally homologous
binding protein (TBP). A typical example of this behaviorproteins in organisms existing in different environ-
is demonstrated by the TBP from Saccharomyces cere-ments shows that adaptation is most often accom-
visiae (ScTBP) (see Figure 1A) [3]. This salt dependenceplished by mutation of an existing protein. However,
has been rationalized by considering the rearrangementfrom such comparisons, the significance of individual
of solvent ions on complex formation. The formation ofresidues to the particular environmental adaptation is
the complex results in the burial of charged groups onnot generally discernable among the mass of changes
both the protein and the DNA [4–6]. Solvent ions thatthat occur over evolutionary time. This can be exempli-
were involved in charge-charge interactions with thefied by the general transcription factor found in eu-
macromolecular surfaces in the unbound state are re-karyotes and archaea, the TATA binding protein (TBP).
leased on formation of the complex interface. This re-TBP from Pyrococcus woesei is adapted for optimal
lease of ions into bulk solvent provides a favorable con-binding to DNA at high salt and high temperature, with
tribution to the free energy of binding (usually thought34% of the amino acids altered in comparison to its
to be dominated by entropy change). This gain in entropynearest known mesophilic counterpart. We demon-
of the system is reduced as the concentration of ionsstrate that the halophilic nature of this protein can be
in bulk solvent is increased [7]. In conditions of highattributed to only three mutations, revealing that the
salt, this effect becomes negligible; therefore, halophilicimportant phenotype of halophilicity could be rapidly
organisms do not adopt this “ion release” strategy toacquired in evolutionary time.
enhance DNA binding and recognition. As a result, the
slope of the curve of logKobs against log[MX] in the lowIntroduction
salt range provides a way of defining mesophilic and
halophilic interactions. The fit of the experimental dataMany of the most important features for maintaining
from ScTBP to Equation 1 shows that there is a net releasecellular function in a changed environment are the adap-
of three to four ions on forming a complex with DNA.tations made in order to maintain sufficient affinity and
Binding studies on wild-type Pyrococcus woesei TBPselectivity in binding of the molecular components of
(PwTBP) (Table 1) show the opposite effect to those onthe cell. Halophilicity is a property of proteins from or-
Sc and other mesophilic counterparts (Figure 1B), i.e.,ganisms existing in hypersaline and hyperthermal envi-
there is an increase of Kobs with increasing salt concen-ronments. High salt is, however, highly effective in weak-
tration [8]. From fitting to Equation 1, these data describeening interactions between many “normal” mesophilic
a binding event involving a net uptake of two ions onproteins and their binding partners. The polyelectrolye
formation of the complex (Table 2). The net uptake ofnature of DNA means that protein-DNA interactions are
ions in protein-DNA interactions had not been previouslyparticularly sensitive to such variations in salt concen-
described and, as such, represents a novel model fortration.
binding. In a previous study, mutation of a glutamateThe dependence of the equilibrium binding constant
residue (E12) in the PwTBP-DNA interface to an alanineKobs on the concentration of a monovalent salt, [MX],
was found to reduce the salt dependence of the interac-can be determined using the relationship:
tion compared to that of wild-type [9] (Figure 3A). Using
logKobs  logKref  Alog[MX]  0.016B[MX] (1) Equation 1, we demonstrated that there was a net up-
take of only one ion into the complex, compared to two
where A is the net number of ions released (a positive for the wild-type protein. As DNA is a highly negatively
number) or taken up (a negative number) on forming charged polyelectrolyte and the replacement of a nega-
the complex, B is the total number of water molecules tively charged protein side chain with alanine caused
released (a positive number) on forming the complex, the loss of a bound ion, we concluded that the lost ion
and Kref is a hypothetical binding constant at 1 M salt
in the absence of any contribution from release or uptake
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aspects of the structure was used to identify key resi-
dues for ion incorporation in the PwTBP system. A lim-
ited mutation strategy was adopted to completely re-
verse the characteristics of PwTBP binding to DNA. We
have found that we can reverse the salt dependence
of the binding constant in only three mutations. Four
mutations give an enhanced binding effect at low salt.
The data demonstrate that the halophilic nature of this
protein can be attributed to only three mutations. This
reveals that the important phenotype of halophilicity
could be rapidly acquired in evolutionary time. In addi-
tion, the study reveals a way in which protein engi-
neering can change protein recognition that could have
implications in biotechnological applications.
Results and Discussion
Selection of Residues for Mutagenesis
To reduce the opportunity for the uptake of cations in
the PwTBP-DNA interface, we attempted to identify neg-
atively charged side chains that might support ion bind-
ing and would be suitable for substitution via site-
directed mutagenesis. Comparison of the sequences
of TBP from several halophilic and mesophilic species
reveals several negatively charged residues that are
present in PwTBP but replaced by uncharged or positive
residues in the mesophilic species (Figure 2). Consider-
ation of contacts and electrostatic effects of these resi-
dues in the crystal structure of wild-type PwTBP re-
vealed that only a small number of these are sufficiently
close to the DNA to be likely to modify the ion binding
capacity of the complex. In addition to reducing the
cation binding capacity of the complex, mutation of an
Figure 1. Salt Dependence of Binding Data Showing LogKobs against acidic to a basic residue also potentially provides an
Log[NaCl] for the ScTBP DNA and the PwTBP-DNA Complex anion binding surface in the unbound state. On complex-
(A) The salt dependence of binding for the ScTBP DNA interaction ation with the oligonucleotide, this site could be buried
determined using quantitative DNase I footprinting [3]. The slope is or strongly affected by the electrostatic field of the DNA,negative, indicating net release of ions, which becomes less favor-
resulting in the release of anions, thereby enhancing theable as the salt concentration is increased. The net change in ions
G of binding at low salt concentrations [1].was found to be between 3 and 4 (where a positive number indicates
release) by fitting the data to Equation 1 using the nonlinear curve-
fitting algorithm of the Origin software. The net change in water
Effect of Mutations on Salt Dependencemolecules (B) and Kref were also obtained, but the error in B is large,
of DNA Bindingsince the salt concentration regime used is well below 1 M, at which
concentration water release becomes significant. The binding data that reveal the salt dependence of the
(B) Binding studies on the PwTBP-DNA interaction, performed at binding constants for the interaction of mutant forms of
high salt concentrations using ITC, reveal the role of water molecule PwTBP are shown in Table 1 and plotted in Figure 3A.
release form the binding site on complex formation. This is mani- In a similar manner to the previously studied E12A muta-fested in curvature resulting in tighter binding at higher salt concen-
tion, E128A resulted in increased binding affinity at lowtrations. The net change in ions (A) was found to be 2 (uptake),
salt concentration. The reduction in the slope of the saltand the number of waters (B) and Kref were 39 and 5.7, respectively.
Osmotic stress experiments on the wild-type PwTBP have also been dependence is consistent with incorporation of approxi-
used to verify the number of water molecules released on forming mately one less cation in the complex relative to the
the complex [9]. wild-type. The combined effect of the double mutation
E12AE128A is additive (Figure 3A), consistent with the
idea that they each form independent binding regions.was a cation (since experiments were done with varying
NaCl concentration, this was assumed to be Na). Quan- The net ion uptake by the E12AE128A complex is ap-
proximately zero (Table 2). At low salt concentrationstification of ion release/uptake for the ScTBP and
PwTBP complexes and previous mutagenesis sug- (0.5 M), Kobs of the E12AE128A complex is largely unaf-
fected by the salt concentration. At higher salt concen-gested that, despite the large number of sequence dif-
ferences between PwTBP and its mesophilic counter- trations (0.5 M), Kobs begins to increase as the effect
of water release becomes more significant. At very highparts, a relatively small number of residues might be
involved in dictating whether the binding behavior is salt concentrations (2 M), the effect of water release
begins to dominate, and the E12AE128A complex hasmesophilic or halophilic.
Insight from both sequence alignment and physical a Kobs almost equivalent to that of the wild-type complex.
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Table 1. Summary of Observed Thermodynamic Parameters from ITC Experiments for the PwTBP-DNA Interaction at 35C
Form [Salt] (M) [Protein] (M) [DNA] (M) N K (	105 M1) H (kJ/mol) G (kJ/mol) TS (kJ/mol)
WT 0.4 20 200 1.1 1.21 
 0.5 110 
 1.2 30.0 140
WT 0.55 32 365 1.0 3.56 
 0.5 107 
 1.0 32.8 140
WT 0.7 20 200 1.0 6.41 
 0.8 108 
 0.8 34.3 143
WT 1.0 10 100 0.9 16.7 
 1 111 
 1.6 36.7 149
WT 1.3 11 114 1.0 61.5 
 3 100 
 0.4 40.1 150
WT 1.6 8 80 0.8 141 
 8 111 
 0.4 42.3 153
WT 1.9 3.9 43 0.9 299 
 34 111 
 0.8 43.9 155
E12A 0.2 12 120 1.3 2.99 
 0.5 110 
 0.8 32.3 142
E12A 0.4 18 200 1.0 6.16 
 0.2 111 
 0.8 34.2 145
E12A 0.7 12 120 1.0 23.4 
 2 112 
 0.8 37.6 150
E12A 1.0 10 100 1.1 43.9 
 2 113 
 0.8 39.2 152
E12A 1.6 8 80 1.0 135 
 23 113 
 1.6 42.3 155
E12A 1.9 5 76 1.0 311 
 36 111 
 0.8 44.4 156
E128A 0.28 20 175 1.1 1.44 
 0.9 98.3 
 2.2 30.4 129
E128A 0.4 20 200 1.2 2.82 
 0.1 100 
 1.2 32.2 132
E128A 0.7 14 119 1.1 9.80 
 0.3 101 
 0.4 35.4 136
E128A 1.0 10 100 1.0 28.6 
 2.6 99.0 
 1.2 38.1 137
E128A 1.6 10 107 1.0 105 
 13 95.7 
 1.0 41.4 137
E128A 1.9 6.0 50.0 1.0 260 
 32 94.3 
 0.8 43.7 138
E12AE128A 0.1 20 202 1.1 5.27 
 0.2 110 
 0.6 33.8 144
E12AE128A 0.1 20 186 1.2 4.00 
 0.1 110 
 0.6 33.0 143
E12AE128A 0.2 20 200 1.0 10.3 
 0.4 109 
 0.6 35.5 144
E12AE128A 0.2 20 190 1.1 7.75 
 0.3 106 
 0.7 34.7 141
E12AE128A 0.4 20 195 1.3 10.6 
 0.4 109 
 0.5 35.5 145
E12AE128A 0.7 18 163 0.9 22.6 
 1.6 110 
 1.0 37.5 147
E12AE128A 1.0 12 107 1.0 45.3 
 2.8 95.0 
 2.8 39.3 134
E12AE128A 1.6 10 98 1.0 116 
 10 96.5 
 0.7 41.7 138
E12AE128A 1.9 8 83 0.9 220 
 17 88.7 
 0.6 43.3 132
E12AE41KE128A 0.1 10 84 0.9 53.3 
 3.5 98.93 
 0.7 39.7 139
E12AE41KE128A 0.2 14 126 1.0 24.4 
 0.9 102.2 
 0.5 37.7 140
E12AE41KE128A 0.4 12 104 1.0 24.5 
 1.1 99.1 
 0.7 37.7 137
E12AE41KE128A 0.7 12 103 1.0 22.4 
 1.5 103.9 
 1.0 37.5 141
E12AE41KE128A 1.0 10 99 1.0 32.76 
 2.3 106.8 
 1.0 38.4 145
E12AE41KE128A 1.6 10 100 1.1 73.21 
 8.4 102.6 
 1.2 40.5 143
E12AE41KE128A 1.9 10 94 0.9 112 
 10 94.1 
 0.7 41.6 136
E12AE41KE42KE128A 0.05 5 45 0.7 419 
 90 75.5 
 1.1 45.0 120
E12AE41KE42KE128A 0.1 11 84 0.7 232 
 28 82.6 
 0.6 43.4 126
E12AE41KE42KE128A 0.2 14 126 0.7 55.1 
 3.5 90.1 
 0.5 39.8 130
E12AE41KE42KE128A 0.4 12 104 1.0 29.4 
 2.0 94.7 
 0.7 38.2 133
E12AE41KE42KE128A 0.7 12 102 1.1 38.6 
 3.1 77.2 
 0.7 38.9 116
E12AE41KE42KE128A 1.0 12 95.0 0.8 31.45 
 3.0 98.1 
 1.2 38.3 136
E12AE41KE42KE128A 1.0 12 106 1.1 43.8 
 3.5 90.3 
 0.8 39.2 129
E12AE41KE42KE128A 1.3 12 107 1.1 57.4 
 5.1 87.7 
 0.8 39.9 128
E12AE41KE42KE128A 1.6 10 100 0.9 78.6 
 6.1 98.4 
 0.7 40.7 139
E12AE41KE42KE128A 1.9 10 94 0.9 139 
 12 91.5 
 0.6 42.1 134
Data were fit using a model based on a single set of identical binding sites after heats of DNA dilution had been subtracted. The errors shown
correspond to the deviation of the nonlinear least squares fit to the data points on the titration curve. N is the stoichiometry of the interaction
as determined by the fitting of the ITC binding isotherm.
In the mesophilic ScTBP the residues in positions 41 of the authors, has not been previously observed be-
cause mesophilic DNA binding proteins are usually in-and 42 are lysine and arginine, respectively. However,
in order to simplify the interpretation of their effects on soluble at such high salt concentrations.
ion binding, we made mutations of both the PwTBP
glutamates to lysine. The effects of ion interactions were Effect of Mutation on Thermostability
of the Complexfound to be additive (see Table 2). The triple mutant
E12AE41KE128A releases one ion, and the quadruple To determine whether the mutations of the PwTBP com-
promised complex stability, we measured the bindingmutant E12AE41KE42KE128A releases approximately
two ions. The triple and quadruple mutants both exhibit constant and change in enthalpy for the wild-type pro-
tein and the quadruple mutant at a range of tempera-the characteristic mesophilic decrease in binding affinity
with increasing salt concentration up to 0.5 M. At high tures (Table 3). Using the Gibbs-Helmholtz relation, we
could extrapolate thermodynamic data to the growthsalt concentrations the effect of water release again
becomes the dominant factor, and the slope of the salt temperature range to which Pw is adapted (100C).
Rather than reduce the temperature at which the com-dependence changes sign. This behavior has been pre-
dicted [1] for mesophilic systems but, to the knowledge plex has maximum stability, we find that the mutations
Structure
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Ion binding in the Formation of theTable 2. Summary of Net Uptake or Release of Ions and Water
Protein-DNA Complexin the PwTBP-DNA Interaction
Presently, rather little is definitively established aboutForm Ions (A) Water (B) LogKref
monovalent ion binding in protein-DNA complexes, and
ScTBP 3.45 
 04 71 
 88 5.00 
 0.6 much must be inferred from a few examples and model-
WT 2.12 
 0.3 39 
 9 5.70 
 0.2 ing studies. Small monovalent ions are difficult to distin-
E12A 1.19 
 0.3 33 
 10 6.11 
 0.2
guish from water molecules in X-ray structures, e.g.,E128A 1.48 
 0.3 38 
 9 5.80 
 0.2
Na has an identical number of electrons and is veryE12AE128A 0.29 
 0.2 43 
 7 5.93 
 0.1
similar in size to a water molecule. Monovalent ions alsoE12AE128AE42K 1.06 
 0.1 60 
 5 5.54 
 0.1
E12AE128AE41KE42K 1.69 
 0.1 72 
 7 5.42 
 0.1 do not have specific geometric coordination require-
ments and, therefore, cannot be readily identified by aA summary of the output from fitting Equation 1 [1] to the logKobs 
structural motif of the biomolecule. Indeed, many water[NaCl] data for each complex using the nonlinear curve-fitting algo-
binding sites in crystal structures are at least partiallyrithm of the Origin software. A is the change in stoichiometry of ions
(when A is positive, there is a net release of ions and vice versa), B occupied by small ions that escape definitive identifica-
is the change in stoichiometry of waters (positive number indicates tion. The only protein-DNA complex for which monova-
release). Kref is the hypothetical binding constant at 1M [MX], where lent ion binding sites have been irrefutably identified is
[MX] is the monovalent salt concentration in the absence of a contri- that of human DNA polymerase B [10]. In that study,
bution from release or uptake of water (i.e., B 0) and the polyelec-
experiments involving soaking with monovalent ions oftrolyte effect alone determines the effect of [MX] on Kobs. Errors
increasing electron density (Na, K, and Cs) identifiedshown are based on the cumulative standard deviation of the fit.
a localized cation at the interface between the protein
and DNA. This well-defined, cation-specific binding site
is formed by the phosphate backbone of the DNA and
further enhance the optimal temperature for binding to a number of electronegative side chain and backbone
the DNA (Figure 3B). This reveals that the wild-type resi- groups from the protein.
dues identified in this work appear only to affect the Given that there is likely to be an invariant background
halophilic binding behavior rather than increase the sta- component to our calculated numbers of ions associ-
ated from those highly charged parts of TBP and DNAbility of the protein-DNA complex.
Figure 2. Sequence Alignment of Eight Representative Sequences of the Conserved C Termini of the Archaeal and Eukaryotic TBPs
Multiple alignments were carried out using the program ClustalW, and minor adjustments were made manually. Numbering of the PwTBP is
shown above the sequences along with the secondary structural elements. Acidic residues are highlighted in red, and basic residues are
highlighted in blue. Residues were identified as being involved in binding based independently on two different criteria, accessible surface
area (ASA) and electrostatic interaction energy (EIE), using GRASP [13]. Residues whose ASA decreases by more than 1 A˚2 on complexation
are labeled with triangles. Residues with an EIE with the DNA of more than 1 kT are labeled with squares. Isoelectric points for the conserved
region were calculated using the ExPASy ProtParam tool. All sequences were taken from the SwissProt and the TreEMBL databases.
Abbreviations used for the species are as follows: Pw, Pyrococcus woesei/Pyrococcus furiosus (Q57050); Tc, Thermococcusceler (Q56253);
HlD, Halobacterium salinarium (NRC-1) TBP-D (Q48325); HlB, Halobacterium salinarium (NRC-1) TBP-B (O52004); Af, Archaeoglobus fulgidus
(029874); Mm, Methanosarcina mazei (CAC42920); Sc, Saccharomyces cerevisiae (P13393); Hs, Homo sapiens (P20226).
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that become completely buried on formation of the com- residues 41 and 42, that we previously hypothesized.
The dominant net effect of each of the four mutations,plex, our final net release of ions could be explained as
a result of the disruption of the electronegative binding however, is a reduction in the cation binding affinity of
the complex in a substantial region surrounding eachsurface of several such structurally well-defined, inde-
pendent, and tight binding cation binding sites in the of the residues. As specific binding pockets are not
needed to explain the effects of mutations, our successPwTBP complex proximal to each glutamate. Certainly,
it is possible that, over evolutionary time, the sequence in reversing the halophilicity of PwTBP-DNA binding
seems more reasonable. The adaptation of proteins toand structure of PwTBP has evolved to create many
such well-defined cation binding pockets near the DNA salt concentration is revealed to be much simpler and
potentially more rapid than the concerted evolution ofin order to enhance binding at high salt. However, in the
absence of any definite experimental evidence for such such pockets, i.e., in our model any individual mutation
affecting the electrostatic field near the DNA has andiscrete sites in PwTBP, it would seem to be highly
fortuitous if we had managed to locate four such sites incremental and additive effect on binding.
and mutate the residues critical to the binding capacity
of each such site, completely eliminating their binding Biological Implications
capacity in every case. A less literal interpretation of the
results from fitting to Equation 1 and more fluid view of When facing a change in its environment, an organism’s
monovalent ion binding seems a more likely explanation existing proteins must be adapted by mutation of amino
for our success. acids in order to maintain function under the prevailing
conditions. The significance of individual residues to
the particular environmental adaptation is not obviousStructural Implications of Ion Interactions
among the mass of changes that occur over evolutionary
Recent studies of DNA itself are establishing the idea
time. Here we investigated this effect with respect to
that Na ions are localized to the most electronegative
halophilic binding of a general transcription factor found
parts of DNA, particularly the minor groove; yet, they are
in both eukaryotes and archaea. TBP from Pyrococcus
not immobilized, and any particular site is only partially
woesei (Pw) is adapted for optimal binding to DNA at
occupied [11]. Since crystallography is unable to see
high salt and high temperature. Thirty-four percent of
mobile ligands due to averaging of the electron density,
the amino acids in this protein are altered in comparison
much of the experimental evidence is coming from NMR
to its nearest known mesophilic counterpart. To identify
relaxation dispersion experiments, which show a reduc-
the residues directly involved in providing the capability
tion in mobility of Na in the presence of DNA [12]. Such
to specifically bind to DNA under extreme salt concen-
a reduction in movement can be regarded as a classical
trations, we made mutations of amino acids at selected
source of reduction in entropy on binding at an enthalpi-
sites and measured the thermodynamic parameters as-
cally favored site. Our modeling studies of TBP-DNA
sociated with binding. The mutation of three acidic resi-
complexes suggest that extending this view of ions of
dues in the binding site changed the binding character
restricted mobility partially occupying many sites to pro-
to that of a mesophilic protein similar to that observed
tein-DNA complexes can explain our results.
for the yeast form of the TBP. Four mutations gave
Both Pw and Sc TBP-DNA complexes have a highly
an even more enhanced reversal of halophilic nature.
electronegative surface at the center of the complex
Mutation of the residues to change halophilic behavior
created by the narrowing of the gap between the phos-
did not compromise the protein-DNA complex stability.
phate backbones at the bend in the DNA and the dielec-
The potential to reverse the halophilic nature of
tric focusing effect on the DNA’s field of the low dielec-
PwTBP in three mutations has significant implications in
tric protein. In wild-type PwTBP, but not in Sc or the
the biological understanding of the interaction of TATA
quadruple mutant, this electronegativity is further en-
binding protein. It is perhaps surprising that the recogni-
hanced by the contribution of the protein’s own field.
tion of its cognate DNA by a protein such as TBP, which
Figure 4 illustrates all sites on the complex of a size
plays a fundamental role in gene transcription, can be
sufficient to accommodate a dehydrated ion and having
radically adapted by the interactions of so few residues.
a relatively large electrostatic contribution to binding.
In addition, the significant differences between the pri-
This model suggests that there may be very many ener-
mary sequences of the PwTBP and mesophilic counter-
getically similar ion binding sites near the DNA, and that
parts can only be explained limitedly by the reversal
only in a few cases are these sites structurally isolated.
of halophilicity. The large difference in optimal growth
This would suggest that most ions in the binding site
temperatures between Pw and Sc are undoubtedly ma-
could readily exchange positions. Of course, mutual re-
jor factors in defining the remaining differences between
pulsion means that only a small number of such sites
their TBP proteins. However, the simplicity of the fea-
may be occupied by ions at any one time, with sites of
tures governing halophilic versus mesophilic binding
lower potential being more likely to be occupied and all
may be generally important in biotechnological attempts
remaining space being filled by water. Recalling that
to modify proteins to function under different conditions.
many partially occupied sites are thermodynamically in-
distinguishable from a single fully occupied site, we see
Experimental Proceduresthat such a model can explain our results. Comparison
of models for wild-type and quadruple mutant proteins PwTBP Expression and Purification
and their complexes shows many detailed local differ- Full-length PwTBP was expressed and purified using a T7 polymer-
ase-based expression system (Novogen) in E. coli and a two-columnences, including modulation of anion binding around
Structure
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Figure 3. Salt Dependence Data and Extrapolated Thermodynamic Parameters for the Wild-Type and Mutated PwTBP Complexes
(A) LogKobs against log[NaCl] for the wild-type and mutated forms of the TBP-DNA interaction determined by ITC. Equation 1 [1] has been fit
to the logKobs against log[NaCl] data in an identical manner to the wild-type complex (black) to quantitate the effect of charged residue
mutations on the binding behavior. The effect of the E12A mutation (red line) was to reduce the cation uptake by the complex from two to
one ion, as previously described [9]. The orange line shows that mutation E128A also reduces the net number of ions taken up by forming
the complex. The effect of combining the E12A and E128A mutations (purple line) is additive, and the approximate net uptake of ions by the
double mutant complex is 0. The Kobs for the combined mutant E12AE128A is almost independent of salt concentration up to about 0.5M
NaCl. At higher Nacl concentrations the increase in binding is entirely due to the entropic effect of released waters (see legend to Figure 1).
Shown in green are data for the triple mutant form of PwTBP containing the charge reversal E42K plus the E12AE128A charge removal mutations.
The combined effect is to produce a net release of ions (where A  1) on forming the complex and reversing the direction of the slope of the
salt dependence profile to that of the mesophilic species Sc (see Figure 1). Finally, the blue line shows data for the quadruple mutant
Reversal of Protein Halophilicity in DNA Binding
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Table 3. Summary of Observed Thermodynamic Parameters from ITC Experiments for the PwTBP-DNA Interaction at 1 M NaCl
Form Temp (C) [Protein] (M) [DNA] (M) N K (	105 M1) H (kJ/mol) G (kJ/mol) TS (kJ/mol)
WT 35 10 100 0.86 16.7 
 1.0 111 
 1.6 36.7 149
WT 40 10 103 1.11 22.6 
 1.8 94.5 
 0.8 38.4 133
WT 45 10 103 1.02 42.1 
 6.2 82.3 
 1.3 40.3 123
WT 50 10 103 1.10 75.7 
 5.5 61.7 
 0.4 42.5 104
WT 55 10 103 1.32 95.8 
 18.6 43.4 
 0.8 43.8 87.2
E12AE41KE42KE128A 25 10 102 1.05 9.56 
 0.60 115 
 1.5 34.1 149
E12AE41KE42KE128A 30 10 102 0.98 28.0 
 1.4 101 
 0.7 37.4 138
E12AE41KE42KE128A 35 12 106 1.07 43.8 
 3.5 90.3 
 0.8 39.2 129
E12AE41KE42KE128A 40 10 102 0.91 76.0 
 6.0 84.8 
 0.6 41.2 126
E12AE41KE42KE128A 45 10 102 0.97 135 
 17 72.7 
 0.7 43.4 116
Data were fit using a model based on a single set of identical binding sites after heats of DNA dilution had been subtracted. The errors shown
correspond to the deviation of the nonlinear least squares fit to the data points on the tiration curve. N is the stoichiometry of the interaction
as determined by the fitting of the ITC binding isotherm.
Figure 4. Modeled Ion Binding Sites in the
Wild-Type and E12AE41KE42KE128A Qua-
druple Mutant PwTBP-DNA Complexes
Showing Sites with an Absolute Potential
Greater than 6 kT/e and Color Coded by Elec-
trostatic Potential (See Experimental Proce-
dures)
(A) Wild-type highlighting residues E12 and
D101.
(B) The other side of the wild-type complex
highlighting residues 41, 42, and 128.
(C and D) The same views for the quadruple
mutant. Note that D101 has no nearby cation
sites and has been previously found to have
no effect salt dependence of binding.
form of the PwTBP containing two charge reversals (E41K and E42K) and the two charge replacement mutations (E12A and E128A) previously
described. Overall, the net change in stoichiometry of ions for the quadruple mutant is the release of two ions compared to uptake of two
ions in the wild-type complex (i.e., a net difference of four ions). The output from the fitting is summarized in Table 3.
(B) Extrapolation of G for the wild-type PwTBP and the quadruple mutant complex to predict the effect the mutations have on the stability
of the complex with DNA at the optimum growth temperature of the Pyrococcus woesei (100C). ITC experiments were carried out over a
range of temperatures (25C–55C), and extrapolation of the thermodynamic parameters based on the temperature dependence of the enthalpy
of the interaction (Cp) was carried out using the Gibbs-Helmholtz relation in the form: Go bind (To)  H(To)  To[[H(T)  Go(T)]/T 
Cpln(To/T)], where H is the enthalpy change, Go bind is the Go of binding, To  298 K, and T is the absolute temperature. The extrapolation
shows that the E12AE41KE42KE128A quadruple mutant complex has an even higher temperature of minimum Go bind, i.e., the temperature
at which the complex is most stable.
Structure
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ion exchange technique as previously described [9]. Heating the is displaced, and the ion utilizes the local polar groups to compen-
sate for the (partial) loss of its tightly bound hydration shell. Wecell lysate to 85C for 20 min precipitated the majority of the cell
proteins. The soluble fraction containing the TBP was then precipi- have filled the biomolecular surface, clefts, and cavities with spheres
representing water molecules/ions in order to visualize the spacestated by 70% ammonium sulfate solution and fractionated on a
hydroxyapatite (HA-Ultrogel; Sigma) followed by a Q Sepharose into which ions may bind. The methodology for water/ion placement
has been previously described in detail [18] and differs here only in(Pharmacia) column. The wild-type pwTBP was eluted from the hy-
droxyapatite column at 150 mM KH2PO4 (pH 6.8) using a 1–250 mM that the minimum acceptable radius for a local pocket to be consid-
ered as a possible binding site is increased to 1.2 A˚ to take accountKH2PO4 gradient and from the Mono Q column at 250 mM KCL and
20mM Tris-HCL (pH 7.5) using a 50 mM–1.0 M KCl gradient. The of the slightly larger size of the ions compared to water molecules.
hydroxyapatite and the Q Sepharose columns were run at pH 7.5
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